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INTRODUCTION
As part of a project to develop neutron radiography U8ing a m:ulrun generalur, iL was necessary tu measw·e the fast neutron output of the generator and the thermal neutron fluxes produced in a moderator surrounding the generator. A method of foil activation analysis was chosen to determine the desired fluxes.
Before this technique could be applied it was necessary to search the literature extensively to find the theory and the values for the ~xperimental quantities associated with the method. In many case our experimental conditions were different from those reported in the literature and it was difficult to obtain the correct values. This report compiles all the information necessary to apply this technique to a wide variety of experimental conditions. The complete derivation of the mathematical theory is given. The formulae obtained relate the neutron flux to the number of counts registered by the counting system. The expression also takes into account all the experimental conditions including irradiation time, transfer time, counting time, area and thickness of foil, type of foil, and various counting factors. These factors are discussed and an explanation is given as to how the values for each are obtained.
One of the more difficult values to obtain is the detector efficiency. This factor combines the geometry factor and the efficiency of the detector to absorb radiation of a particular energy. An expression for this factor is derived in Appendix I and a computer program used to calculate it is given in Appendix II.
Copper foil was used to determine the fast neutron flux and indium foil was used to determine the thermal flux. An example of each type of determination is discussed in detail. '
THEORY Derivation of Flux Relationships:
It 'is possible·to measure the intensity of a neutron flux by taking advantage of certain neutron absorption reactions which lead to the formation of radioisotopes whose activity can be determined by gamma counting. The activity of an irradiated sample is directly related to the neutron flux. In 'deriving this relationship, the following assumptions are made:
1. The neutron source is isotropic.
Multiple interactions between neutrons and nuclei are negligible.
, A thin foil of known physical and nuclear properties is irradiated by neutrons for a given time t 0 • The foil is then removed from the flux and transferred to a counter where its activity is measured. Figure 1 shows the time sequence for this procedure.
The rate R per unit area of foil at which neutrons in the beam interact with nuclei in the foil in a small thickness dx at the position x (measured from the front face of the foil) is given by (1) where nt is the total number of nuclei per unit volume, at is the total neutron cross section, and <P (x) is the neutron flux in neutrons/cm 2 /sec. The flux <Pis not constant throughout the foil but is equal to the incident flux minus the rate at which neutrons have been removed from the beam by interactions with nuclei in a thickness x of the foil. That is, where A is the area of the foil. l!:quation 3 gives the total interaction rate which includes scattering events and many types of absorption reactions. The activity in the foil that is actually measured is produced by one particular nuclear reaction. Thus, it is the rate at which this pnrticulnr reaction i3·occurring, not tho total rate as given in Equation 3, that must be related to the activity in the foll.
The particular rate is obtained by multiplying the total rate (Equation 3) by the relative probability that the d'iiiired r'il:ilction will i;iccur. Thi .. rPl.,ti\TP prnh~ ability is the ratio uf the macruscupic cr.usl:i l:ita:Liuu lp for the particular reaction to the total macroscopic cross section Lt· Thus, the rate at which particular nuclei aie Leiug dl.Liv,.LcJ in" ~µ.:..:.ific w.iy i.3 given by where the subscript p refers to the particular reaction of intP.rP.st.
Since l = na, the above equation can be written as (4) During activation, the rate of change of the number N of activated nuclei is equal to the rate at which they are produced minus the rate at which they decay. Thus,
where ,\ is the decay constant.
This can be rearranged to the form dN ----= ,\dt. 
Similarly, during counting, the rate of decay is dN/dt =-:-AN where t = 0 is now defined to be at the start of counting. Using the conditions that at t = 0, N = N 1 and at t = t 2 , N = N 2 the result is
The number of atoms which decay during time t 2 is just N, -N,. Denoting this by NT, Substituting for N 1 and N 0 using (5), (6), and (7) results in Using (4) this becomes NT is also related to the number of counts C obtained by counting the activated foil. When gamma counting is used in the analysis, the area of a particular photopeak is determined fromithe gamma spectrum. This area (C) is related to NT by correcting for photopeak efficiency P, branching ratio£, absorption correction factor a, and detector efficiency q. These factors are explained in the next section. The relation between NT and C is thus NT= C/Prnq.
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Substituting in Equation (8) The total neutron output of the source in neutrons/ sec is given by
where R is the distance from the source to the foil.
Explanation of Counting Factors:
As given previously, the relationship between NT and C ls NT= C/Pmq. . P is the photopeak efficiency or sometimes called the peak-to-total ratio. A gamma ray may interact with the detector in three different ways: (1) photoelectric effect, (2) Compton effect, or (3) pair production. The P is the ratio of the number of gammas of a certain energy interacting by the photoelectric effect to the number of gammas of the same energy interacting by all three processes.
P is dependent on the energy of the gaqima ray and the size of the detector. The factor can be.experimentally measured or obtained from published data.
1 f is the bran_ching ratio. This is the number of gamma rays of a certain energy emitted per decay of the activated nuclide. This factor is obtained by studying the decay scheme <J the nuclide of interest.
a is the gamma-ray absorption correction factor. It is composed of two parts. One part corrects for self absorption in the foil and the other corrects for absorption in an absorber. Both are calculated in the same 4 way. If an absorber is present between the foil and the detector, it will interact with some of the gamma rays coming from the foil, preventing them from reaching the detector. The gamma-ray absorption factor, a, is computed by determining the ratio of the intensity of gammas, of a given energy passing through the· absorber lo the intensity of the gammas of the given e~ergy incident on the absorber. This is expressed as
Ia where B is the dose buildup factor,µ is the mass attenuation coefficient, p is the density of the absorber and ~e is the absorber thickness. The subscripts £ and a represent the foil and aLsorLer respeclively.
Since we are concerned with only a certain energy g<imma my pai>sing through the ablilorber, the dose buildup factors Bf= Ba= l.0.
2 q is the detector efficiency. It is a measure of the aLiliLy of Lhe <letector to .<letect the radiation coming from the radioactive source. It is a combination of a geometry factor and the probability that a certain energy photon will be adsorbed in the detector. For a thin disk source of radius R placed at a height 11 0 above a Nal(Tl) c.ry1~tnl of rudiu.s r 0 , uiid Lhi.:k11cs,;, L 0 ; Lhv detector efficiency is given by
2 =tan -ho r = absorption coefficient for Nal (dependent on photon energy).
For a disk thick enough that its finite thickness· must be taken into account and the same conditions as above, the detector efficiency is where t is the thickness of the source. 
EXAMPLES OF METHOD
Experimental Techniques:
The neutron source used in these experiments is a Kaman Nuclear Model A-711 Sealed-Tube Neutron Generator with a rated output of 14-Me V neutrons of 10 11 n/sec. The head of the generator is placed in a 30-inch-diameter cylindrical graphite assembly which moderates and collimates the neutrons.
The flux at a given position in the neutron beam is determined by irradiating a metal foil at that position and then measuring the activity of the foil by gamma counting.
The counting appar:ot.11R nRccl for t.hcBP. meRBurcments is shown in Figure 2 
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interest. The window of the single channel analyzer was then set to accept just this photopeak. The counting sequence included a count of the foil and then a background count. C, as given in Equation (9), is the foil count minus the background count.
The fast and thermal neutron fluxes are measured separately and will be discussed separately in the following sections.
Fast Neutron Flux Determination:
The fast neutron flux is determined by activating and counting a copper foil. For the purposes of this paper "fast" neutrons will be taken to mean approximately 14-Me V neutrons.
Neutron activation of copper leads to the following reactions 63 Cu + n -62 Cu + 2n · I T,, = 9.9 min.
L..:__ 62 Ni + f3+ (2.92 MeV)
The activated copper foil is sandwiched between two 3 fs-inch-thick disks which annihilate the positrons causing the emission of two 0.511-MeV gammas per annihilation. These gammas are counted to measure the activity. The absorber' thickness was chosen to conform to the "TexaB Convention. " 3 Table l gives the essential physical and nuclear properties of the copper foil used in the analysis.
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In the decay of 116 Sn to the ground state a number of gammas are emitted. One of the most prominent is a 1.29-Me V gamma. The area of the 1.29-Me V photopeak is used Lo determine the activity of the indium foil.
To stop the betas from entering the crystal and interfering with the counting results, a Lucite absorber is placed between the indium foil and the detector. The thjckness required to stop the 1-MeV beta is approximately 0.381 cm. detector effi"ciency for the above arrangement was calculated to be q = 0.08253.
The time intervals used in the thermal flux determination are: irradiation time t 0 = 10 min., transfer time t 1 = 3 min., and counting time t 2 = 3 minutes.
Substituting all the appropriate values into equation (9) one obtains ¢ 0 = 1.3432 C.
As a specific example the thermal flux was determined at the port opening of the graphite moderator. An indium foil was placed in the beam at the port opening.
It was irradiated for 10 minutes and after a transfer time of 3 minutes was counted for 3 minutes.
The total count was 2,186,263 and the background was 4,600. Thus, C = 2,181,663 and ¢ 0 = 2.94 x 10 6 n/cm 2 -sec which is the desired measurement. The error associated with this measurement is approximately 3.5%.
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APPENDIX I
Derivation of Detector Efficiency
The detector efficiency is a combination of the geometry factor and the absorption factor. In this derivation, the geometry factor will be derived first and then combined in the proper way with the absorption factor. The various quantities used in the derivation are shown in Figure 1 .___ TOP VIEW OF CRYSTAL , . Q.825311E-01
